The class II region of the major histocompatibility complex (Smh) in the mole rat, Spalax ehrenbergi, consists of only two gene families, P and Q, instead of the four families (P, 0, Q, and R) found in all other mammals studied to date. The SpaZux P family consists of at least four p and three a genes or gene fragments. In DNAhybridization experiments, two of the p genes behave as bona fide P-family members in that they hybridize strongly with human DPB probes and hybridize weakly with probes specific for other class II gene families. The other two p genes, on the other hand, hybridize weakly with human DP,-, probes and nearly as well with human DQe probes. To determine the evolutionary relationships among these P-like genes, we have sequenced one of them. The sequence reveals, on the basis of its overall organization, that the gene clearly belongs to the P family, yet, on the basis of its nucleotide sequence, it is only slightly more similar to human DP than to human DQ genes. These results indicate that in the Spdax the P family of genes split into two subfamilies, PA and PB. For unknown reasons, one of these subfamilies (PB) retained more similarity to the Q gene family than did the other (PA).
Introduction
The major histocompatibility complex (Mhc) is a cluster of loci involved in the recognition of foreign antigens by T-lymphocytes of the host immune system (see review in Klein 1986 ). The number of loci and their organization vary considerably from species to species . Some species, such as the pig, may contain as few as 20 loci in their Mhc (Chardon et al. 1985) , while others, such as the mole rat, contain >65 loci (V. Vincek, D. Niietic, M. Golubic, F. Figueroa, E. Nevo, and J. Klein, unpublished data) . All the Mhcs identified so far consist of two classes of loci involved in the recognition of different kinds of antigen. Both class I and class II loci can be divided into two subclasses, a and p, and into several families on the basis of ( 1) the degree of relatedness and, presumably, (2) their evolutionary histories ( fig. 1) . At least two families of class I loci and five families of class II loci are known to exist. The Mhc families have different designations in different species. The presumed correspondence among the class II families of the human, mouse, and rat are shown in table 1. Most of the class I genes appear to be nonfunctional pseudogenes (Klein et al. 1983) . Some of the functional class I and class II loci are highly polymorphic; 288 Schijpfer, Figueroa, Niieti6, Nevo, and Klein more than 100 alleles exist at some of the loci in some species (Klein and Figueroa 198 1) . The complexity, polymorphism, and high frequency of nonfunctional loci in the Mhc raise many questions concerning the evolution of this cluster. The information about the evolution of the Mhc is sketchy, however, since only the Mhcs of two species, the human and the mouse, have been studied in detail. Furthermore, since the organization of the human Mhc is very different from that of the mouse Mhc, it is difficult to draw firm conclusions about the origin of the individual loci. In particular, it is important to ascertain whether the Mhc organization found in the mouse is representative of that of all rodents. As a step toward answering this question, we have initiated the study of the Mhc in the mole rat, Spalax ehrenbergi (Niietic et al. 1984, 1985, and submitted) . The mouse and the mole rat are both myomorph rodents, but their estimated time of separation is 20-40 Myr before the present (MYBP).3 The mole rat is thus close enough to the mouse to provide information about the events that preceded the generation of the mouse-type Mhc organization-and, at the same time, it is different enough from the mouse to reveal how general this organization is.
In an earlier publication, we described the organization of the class II loci of S. ehrenbergi (Niietic et al., submitted) . As it turns out, this organization is very different from that of the mouse. Two of the four families (0 and R) are missing in the mole rat, whereas a third family (P) has been greatly expanded in comparison with that of the mouse.4 The function of the human DR family has apparently been taken over by the P family in the mole rat. Furthermore, we noticed that some of the Spalax class II loci were difficult to assign to a particular family on the basis of DNA hybridization with probes specific for human or mouse families. Specifically, some of the mole-rat loci appeared to hybridize weakly with both P-and Q-specific probes and virtually not at all with R-or O-specific probes. The question therefore arose whether these loci represent a new, as yet unidentified, family of class II loci or whether their behavior may not reflect some peculiarity in the evolution of class II loci. To provide an answer to this question, we have sequenced the DNA constituting one of these loci. The results are described below.
Material and Methods

Isolation and Characterization of Clones
A genomic library, constructed from the kidneys of a single adult female mole rat, Spalax ehrenbergi, belonging to the 2n = 58 chromosome species (see Nevo 1985) , was screened with mouse A, and AP class II probes (Niietic et al., submitted) . The cosmid clone 8.4 was found to contain two p genes and one a gene fragment, which we designate Ppl, Pp2, and P,.,J , respectively. A second cosmid clone, 9.6, was discovered to contain the Psi and Pa2 genes, part of the Pp2 gene, as well as another a gene that we designate Pal. The segments derived from cosmid clones 8.4 or 9.6 and containing the Pp2 gene were then subcloned in plasmid vectors ( fig. 2) . A 750-bp BarnHI fragment was isolated from the cosmid 9.6 and subcloned in pUC8 (Vieira and Messing 1982) to give the subclone B750. All the other subclones were derived from the clone 8.4. The 9-kb EcoRI, the 8-kb EcoRI/SaZI, and the 6-kb KpnI fragments were subcloned and designated 8.4.E4.3, 8.4.ES8.1, and 8.4K2.5, respectively (the first fragment was subcloned in pUC8, the remaining two in pUC 18). A detailed restriction map of these fragments was then constructed following single or double digestions with appropriate enzymes, and subfragments were selected with exon-specific human DPp probes ( fig.  3) . The subfragments were then isolated and subcloned in M 13mp 18 (Yanisch-Perron et al. 1985) .
3. Data on hemoglobin divergence (Kleinschmidt et al. 1985) and microcomplement fixation (Nevo and Sarich 1974) suggest a separation time of 40 MYBP. By contrast, DNA-DNA hybridization analysis indicates a divergence time of 20 MYBP (F. M. Catzefis, J. E. Ahlquist, E. Nevo, and C. G. Sibley, unpublished data). The latter estimate is probably more realistic.
4. The mouse is quite distant from SpuZax in several other genetic systems as well, (Guernett et al. 1984) and liver fructose-1,6-biphosphatase (Rittenhouse et al. 1985 :::/","
FIG.
2.-Restriction enzyme map of the Smh-PBB gene (1) and DNA sequencing strategy for this gene (2). Exons (black rectangles) are numbered l-6. Segments represent cosmids covering the gene. Letters ad in 2 indicate subclones used for sequencing (their origin is indicated by brackets and corresponding letters in 1); and arrows indicate the lengths of DNA regions that were sequenced. The 3'4abeled ends are at the arrow tails. Enzyme sites: A = AluI; B = BumHI; C = SalI; E = EcoRI; H = HueIII; Hi = HindIII; K = KpnI; M = SmaI; N = XhoI; P = &I; S = SacI; T = TuqI; U = Suu3A; and X = XbuI. Other abbreviations (below the lines): A, B, and C = three consensus sequences of the promoter region; SUT = S-untranslated region; and LP = leader peptide.
HLA-DPp Probes
The HLA-DPa probe pSB2P is a full-length cDNA clone; it is 1,079 bp long and contains all the protein-encoding exons as well as the S-and 3'-untranslated regions, including the poly(A) signal (Kappes et al. 1984) . Four exon-specific probes were derived from the pSB2P probe: probe I (350 bp), specific for exon 2; probe II (850 bp), encompassing exons 1-5; probe III (250 bp), specific for exon 6; and probe IV (650 bp), encompassing exons 3-6 (see fig. 3 ).
Nucleotide Sequence Analysis
Selected fragments were subcloned in M 13mpl8 and sequenced using the 2'3' dideoxynucleotide chain-termination method of Sanger and Coulson ( 1975) and Sanger et al. (1977) with a3'SdATP (New England Nuclear, Dreieich, Federal Republic of Germany; see Biggin et al. 1983 ). The sequencing strategy is depicted in figure 2. Both DNA strands were sequenced. 
Other Material and Methods
Southern blotting, hybridizations, and digestions were performed-and largescale preparations of cloned DNA were made ready-as described previously (Niietic et al., submitted) . Restriction enzymes were purchased from Pharmacia (Freiburg, Federal Republic of Germany) or Boehringer (Mannheim, Federal Republic of Germany). Klenow polymerase was also from Boehringer Mannheim.
Results
The sequence of all the putative exons and parts of the introns of the Spalax gene was determined by the chain-termination method, using the strategy outlined in figure 2. The nucleotide sequence and the amino acid sequence derived from it are shown in figure 4. The putative location of the exons was determined by comparison with published sequences of class II genes, in particular the human DPpr gene (Kelly and Trowsdale 1985) . The Spalax gene spans some 12 kb, of which we have sequenced 3.4 kb. The predicted size of the messenger RNA is 1,150 bp.
Alignment of the Spalax sequence upstream from the ATG initiation codon with mouse and human class II sequences reveals three highly conserved segments that most probably represent the promoter region of the Spalax gene (the human DPpI gene equivalents are given in parentheses in the following comparisons [Kelly and Trowsdale 19851) . Located farthest upstream is a segment of 2 1 (2 1) bp corresponding to the consensus A block of Kelly and Trowsdale (1985) . Fifteen (15) nucleotides downstream from it is another conserved sequence (consensus B) of 15 ( 15) bp. Finally, another 15 (17) bp downstream is the CAT sequence (CCAATCC), and the initiation codon (ATG) is then 112 (120) bp downstream from the CAT sequence. The start site is postulated to be 43 (5 1) bp downstream from the CAT sequence. The distances between these individual elements of the promoter region are very similar to those found in other class II genes, and they correspond almost precisely to those present in the human DPB genes.
Exon 1 of the Spalax gene codes for the 5'-untranslated region, the leader sequence, and the first five amino acids of the first extracellular domain of the p chain (the pl domain). The postulated leader sequence is of the same length (29 amino acid residues) as that in the human DPpl gene. (In most other class II genes it is of a slightly different 
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length.) The two leader sequences differ in only eight of the 29 amino acid residues. As in other leader sequences, the amino acids are mostly of the hydrophobic type, although the Spalax sequence does contain one charged amino acid (Lys at position -6).
Exon 2 codes for the rest of the bl domain, specifically for residues 6-93. This length of the p chain is two residues shorter than that in most other class II p chains sequenced thus far, with the exception of human DP, chains. The shortening can be explained by a deletion of two residues (two codons in the DNA sequence) that correspond to residues 23 and 24 in the DR or DQ p chains. The Spalax and the human DP, genes both have this deletion in exactly the same place.
The Spakx sequence contains two cysteines in the same position as in the other class II p chains (15 and 77). These two residues are presumably connected in the folded chain by a disulfide bond. All functional human and mouse class II p chains described thus far have an N-glycosylation site at position 19 (Asn-Gly-Thr in the human DPgl gene), but in the Spalax gene this site is lacking (the corresponding sequence is His-Gly-Arg).
Exon 3 codes for the full length of the second extracellular domain of the p chain (the p2 domain; residues 94-l 87). As expected, the sequence contains two cysteines at positions 115 and 17 1, which are believed to form an intradomain disulfide bond. Other class II p chains contain a second N-glycosylation site in this domain at positions 98-100 (Asn-Val-Ser in the human DPpl gene), which, in the Spalax gene, is again missing (the sequence at the corresponding positions is His-Val-Ser). The Spalax f3 chain thus appears to have no N-glycosylation site in its pl and p2 domains.
Exon 4 codes for the so-called connecting peptide, the transmembrane region, and five amino acid residues of the cytoplasmic tail (the exon codes for residues 188-224). The transmembrane region consists of 22 amino acid residues, most of which are hydrophobic, the rest being uncharged.
Exon 5 codes for the remaining six amino acid residues of the cytoplasmic tail (residues 225-229) and is followed by a stop codon TAA and then by four nucleotides of the 3'-untranslated region.
Exon 6 codes for the rest of the 3'-untranslated region. It is marked downstream by an atypical polyadenylation signal AATAAG (see Birnstiel et al. 1985) , followed by a GT-rich region. No other polyadenylation signal could be found in the stretch of the DNA sequenced. If the AATAAG signal is indeed the one used, exon 6 would be -3 10 bp long and would end somewhere in the GT-rich region. A similar situation again exists in the human DPpl gene, in which the polyadenylation signal is AATAAT and exon 6 is 229 bp long (Kelly and Trowsdale 1985) .
The Spalax gene also resembles the human DPp genes in the length of its introns. Characteristic features of the DPp genes are the long introns (almost 5 kb) separating exon 1 from exon 2 and exon 2 from exon 3. In the Spalax gene, the lengths of these two introns are 4.9 kb and 4.7 kb, respectively. The remaining introns are short: introns 3, 4, and 5 are 480 bp, 390 bp, and 250 bp long, respectively. Theoretically, the joining of exons 4 and 5(6) can occur in several ways (Some of these are shown in fig. 5 ). This is possible because at the 3' end of exon 4 there are several GT splicing sites. The alternative splicings could produce cytoplasmic regions of different length and composition. Which of these sites are actually used is not clear, but in humans, where a similar situation exists at the DPpl locus, at least two splicing variants have been found (Kelly and Trowsdale 1985) .
Discussion
The sequenced Spalax gene is obviously a member of the Pp family of class II genes to which the previously identified human DPp (Kelly and Trowsdale 1985) and the mouse A,, (Widera and Flavell 1985) genes belong. This conclusion is based on several observations. First, the Spalax gene contains two very long introns, which are approximately of the same length (almost 5 kb) as those separating exon 1 from exon 2 and exon 2 from exon 3 in the human DPp genes. Such long introns have thus far not been found in any other family of class II genes. Second, the Spalax gene and the human DPp genes have a very similar organization of their promoter regions. The distances between the regulatory elements in the putative promoter region, as well as the length of the elements themselves, correspond precisely in the SpaZax p and the human DPp genes. Third, the nucleotides as well as the amino acid sequence of the leader segment in the Spalax p gene is much more similar to that of the human DPp genes than it is to the genes in other class II families. The same applies to the length of the leader sequence. Fourth, the overall exon-intron organization is the same in the Smh p and the HLADPp genes. Fifth, similar options for alternative splicing at the 3' end (between exons 4, 5, and 6) exist in the SpaZax /3 gene and in the human DP, genes. Sixth, following amino acid residue number 22 in the pl domain, two residues have been deleted in the Spalax p gene when compared with p chains belonging to the other class II families. The same two residues are also lacking in the DPp genes. (Although two codons have been deleted in that general region in one of the human DRp pseudogenes, only one of these two overlaps with the codons deleted in the HIADPp and Smh fl genes. Furthermore, in the DR, pseudogene, the deletion has occurred in the vicinity of a stop codon and is clearly an event independent of the deletion in the DPp genes; see Larhammar et al. 1985 .) Seventh, the Smh p chain contains a number of amino acid residues that are also present at the same position in the human DPp genes but are absent in all the other known class II p genes (table 2) . These residues can therefore be considered P-family specific. Eighth, the nucleotide sequence of the individual exons of the Smh f3 gene is most similar to that of the human DPB genes (table 3) . Similarly, the overall amino acid sequence of the Smh p chain most closely resembles the sequence of the DPs chains (not shown). We conclude, therefore, that the Smh p gene is a member of the P family and designate the gene Smh-Ppl .
Why does the Smh-Ppl DNA hybridize nearly as well with human DQs as with human DPs probes (as reported by Niietic et al. [submitted] )? The reason is apparently that the Smh-Ppl gene also shows high sequence similarity with the human OQP genes (table 3) . Although this similarity is somewhat lower than that to the human DPp genes, the difference is so small that it apparently cannot be detected by the DNAhybridization method and the probes that we used. The situation is, then, such that, in its overall organization, the Smh-Pgl gene is clearly a member of the P family but, in its sequence similarity, is only slightly more related to the P-family genes than it is to the Q-family genes. The Spalax P family also contains genes that hybridize strongly with human DPs probes and weakly with human DQs probes. The family thus contains two subfamilies of genes: one whose members are closely related to human DPp genes and relatively unrelated to E&CD&s genes and another whose members are only slightly more related (in terms of nucleotide sequence) to the DPp rather than to the DQp genes. We shall call the former the PA and the latter the PB subfamily of genes.
What could be the explanation for the close relationship of the PB loci to the loci of the Q family? One possibility is that information has repeatedly been transferred during evolution from Q-family genes to the P&subfamily members by the mechanism of gene conversion. Since the two families are probably located relatively close together on the chromosome, such a transfer might have been possible. However, we consider this possibility unlikely because no blocks of PB/Q-shared sequences, which such a transfer should generate, are found in the Smh-PB, gene (table 2) .
Another possibility is that the PB/Q-gene similarity is the result of convergent evolution. One might speculate that after the P and Q gene families separated from each other, and after they had evolved independently for some time, selection pressure acted on some of the P-family genes to make them fix mutations similar to those that were being fixed in the Q-family genes. Because it is contradicted by the sequence data, this explanation, too, is unlikely. If the observed similarity were the result of convergent evolution, the selection would primarily be for similarity of the amino acid sequence and not of the nucleotide sequence. Yet the similarity between the Smh-PB, gene and the HLA-D&p genes also extends to the codon level, including thirdnucleotide positions.
The third possibility is that the sharing of the sequences reflects a particular evolutionary history of the genes ( fig. 6 ). One could postulate that the P-and Q-family genes were the last to split off from a common stem in the evolution of the class II genes. Later, the P branch separated into two branches, PA and PB, which then evolved at different rates. The PA branch evolved relatively rapidly and so lost much of the P/Q similarity, whereas the PB branch evolved slowly and thus retained more of the P/Q similarity. The difference in the evolutionary rates between the PA and PB branches could have been caused by selection. In the past, the PA family might have been the most functionally active group of class II genes, particularly in the ancestors of Spalax, in which the R family of genes has been deleted (Niietic et al., submitted Klein and Figueroa, [ 19861. if it is used, it is improbable that the chain can still be integrated into the membrane. The question of the cell-surface expression of the Smh-PBpl gene will have to be decided by transfection experiments.
